Background: Objectively measured physical activity between older individuals and between populations has been poorly described. We aimed to describe and compare the variation in accelerometry data in older UK (EPIC-Norfolk) and American (NHANES) adults. Methods: Physical activity was measured by uniaxial accelerometry in 4,052 UK (49-91 years) and 3459 US older adults (49-85 years). We summarized physical activity as volume (average counts/minute), its underlying intensity distribution, and as time spent <100counts/minute, ≥809counts/minute and ≥2020counts/minute both for total activity and that undertaken in ≥10-min bouts. Results: In EPIC-Norfolk 65 % of wear-time was spent at <100 counts/minute and 20 % spent in the range 100-500 counts/minute. Only 4.1 % of this cohort accumulated more than 30 min/day of activity above 2020 counts/minute in 10-min bouts. If a cut-point of >809 counts/minute is used 18.7 % of people reached the 30 min/day threshold. By comparison, 2.5 % and 9.5 % of American older adults accumulated activity at these levels, respectively. Conclusion: As assessed by objectively measured physical activity, the majority of older adults in this UK study did not meet current activity guidelines. Older adults in the UK were more active overall, but also spent more time being sedentary than US adults.
Background
Physical activity changes throughout the life-course, especially in the transition to older adulthood [1] . Given the importance of physical activity for the primary and secondary prevention of major chronic diseases and maintenance of independence in older age [2] , it is important to understand the levels and patterns of physical activity in this age group.
The majority of population-based studies have used self-report methods to assess physical activity, which have a number of limitations including problems of recall and reporting bias [3] . These limitations may be exacerbated in older populations, in whom cognitive impairment is more likely [4] . In addition, due to the ubiquitous nature of low intensity activities and sedentary behaviors, these tend to be particularly difficult to recall [5] ; however, such behaviors may be of particular importance in older adults as low intensity activities are more prevalent in this age group [1] . Objective physical activity assessment methods, such as accelerometry, enable more accurate assessment of the entire movement intensity spectrum and may therefore have particular merits in older populations.
There are, however, challenges in interpreting data from objective physical activity measurement methods. Several of these arise from classifying activity into broad intensity categories, often labeled as 'sedentary, light, moderate, and vigorous' , rather than using the full continuous distribution of intensity. For accelerometry data, the cut-points used to define these classical intensity categories are typically based on calibration studies using energy expenditure as a criterion method during specific lab-based activities, which may or may not apply to all age groups and populations [6] .
Physical activity guidelines suggest that older adults should be 'as active as they can' while aiming to achieve the recommended physical activity levels for adults, i.e., 30 min of moderate-to-vigorous physical activity (MVPA) per day in bouts of ≥10 min [2, 7] . The evidence base for the bout requirement, however, is limited and it is also uncertain how to appropriately define intensity, especially in an older age group [5] in whom there is large interindividual variation in the intensity associated with a given activity. Therefore, a single cut-point above which an activity might be regarded as 'moderate' for older adults is difficult to establish, which explains the diversity of cut-points used to define MVPA [8] [9] [10] .
Activities of at least moderate intensity have been the main focus of several studies objectively describing physical activity in older adults [3, 8, 11] , but the focus on this specific cut-point may disregard a whole range of relevant activities of lesser intensity that could be important contributors to overall physical health and wellbeing [12] . While a number of studies have described time spent at different activity intensities in older adulthood [3, [13] [14] [15] [16] , to our knowledge the continuous distribution of activity intensity in this age group, using objective activity assessment, has only been described in the British 1946 birth cohort, showing that activity time is inversely associated with intensity [17] .
Another area of uncertainty is how populations from different countries compare in terms of key activity characteristics. International comparisons of physical activity levels may point to certain determinants of physical activity and are essential to guide global public health promotion. So far, however, only a few studies in adults have used objective accelerometry data and implemented the same processing procedures to maximize comparability [9, 18] .
Therefore, the main aim of this study was to provide a description of objectively measured physical activity in older UK adults, both in terms of overall physical activity volume and time distribution across the entire physical activity intensity spectrum. We also compared these estimates to US adults of a similar age from the NHANES study using the same accelerometry processing procedures in both cohorts.
Methods

Participants and protocol EPIC-Norfolk
The Norfolk arm of the European Prospective Investigation of Cancer (EPIC-Norfolk) has been described in detail elsewhere [19] . In brief, 25,639 men and women aged 40-79 years, who were recruited from 35 general practices in the area of Norfolk, consented to participate in the EPICNorfolk study and attended a first health check between 1993-1997. A 2 nd health check was conducted 1997-2000 at which physical activity was measured by self-report only. Between 2006 and 2011, 8,623 men and women participated in the 3rd health check and a subsample of 4,148 were asked to wear an accelerometer (ActiGraph model GT1M, ActiGraph, Pensacola, FL) for the assessment of free-living physical activity [19] .
At the 3rd health check visit, height and weight were measured using standard anthropometric techniques. Employment status, education level and self-rated health were assessed by self-report questionnaires. At the end of the clinical visit, participants were asked to wear the accelerometer on a belt around the right hip during all waking hours for 7 days, and to only take it off for water-based activities (e.g., when showering) and during sleep. Accelerometers were set up to capture data in 5-s epochs.
NHANES
To compare objectively measured physical activity levels between UK and American older adult populations, a subsample of 3459 participants of the NHANES 2003-2004 cohort was used, excluding participants aged <49 years (the lowest age in the EPIC-Norfolk 3 rd health check). NHANES is a national population-based study of the civilian, non-institutionalized US population aged ≥6 years, as previously described in detail [10, 20] . As in the EPICNorfolk protocol, NHANES 2003-2004 participants were asked to wear an accelerometer (ActiGraph AM7164) for 7 consecutive days on a belt around the hip, initialized to capture data in 60-s epochs. Accelerometer records deemed to be out-of-calibration or unreliable by the NHANES team were excluded.
Accelerometry data processing
To maximize comparability between studies, we processed the accelerometry data of both studies using the same criteria, after first collapsing the 5-s EPIC-Norfolk data to 60-s epoch resolution. The two models of ActiGraph use either a piezo-electric (AM7164) or a MEMSbased (GT1M) acceleration sensor, both of which have a frequency-dependent response to acceleration magnitude [21, 22] . Both have been shown to be approximately comparable in the human movement range, except at the extreme low end [23] ; this necessitates a slight revision of the wear/non-wear classification compared to what has been used elsewhere for AM7164 data only [10] . Continuous zero strings of ≥90 min were defined as non-wear time, which is similar to other studies using MEMS-based Actigraph versions [8, 24] ; for this age-group this threshold resulted in a more realistic pattern of 2-4 wear/ non-wear transitions per day, compared to using zero strings ≥60 min (see example in Additional file 1: Figure S1 ). One would expect at least two transitions from getting up (non-wear to wear) and going to bed (wear to non-wear). A valid day was defined as ≥600 min of wear time [25] . Only participants with ≥4 valid days of data were included in analyses. As more than 200 participants (mainly in the NHANES) were found to have acceleration data for longer than 19 h/day (indicating monitor wear during sleep), we truncated wear-time to 19 h/day and time spent in the <100 counts/minute intensity category for both cohorts to normalize the data.
We derived overall physical activity volume, defined as total counts divided by wear time, as well as the movement intensity distribution as a continuous construct in 15 systematic intervals. In addition, we report time spent <100 counts/minute, as well as time spent above the commonly used MVPA cut-points of 2020 counts/minute [10] and 809 counts/minute [23] . The latter cut-point was identified as the lower boundary for MVPA in a validation study of 20 older adults (aged 60-90 years) performing treadmill-based and free-living walking activities around 3 METs [26] . To indicate the degree of activity accumulation occurring in bouts, we also analyzed time spent ≥2020 and ≥809 counts/minute in continuous bouts lasting ≥10 min.
Statistical analysis
Due to the non-normal distribution of physical activity, most descriptive characteristics are described using medians and interquartile ranges (IQR) and some using means and standard deviation (i.e., age). Univariate non-parametric tests for trend were used to examine differences in physical activity by age group, employment status, education level, BMI, and self-rated health, in men and women separately. We also examined the robustness of these differences by mutually adjusting for all stratifiers. Stata (StataCorp LP) version 13.1 was used for all analyses.
Results
EPIC-Norfolk
A total of 4,052 EPIC-Norfolk participants had ≥4 valid days (>10 h/day) of accelerometer data and were included in analyses (98.0 % of the whole accelerometry sample, Table 1 ). Mean accelerometer wear-time was 14.5 h/day (SD 1.1 h/day) and was slightly higher in men than women (14.7 vs 14.4 h/day, P < 0.05). Participants with valid accelerometer data did not differ significantly from those who did not wear an accelerometer with respect to age, sex, BMI, education level and self-rated health (Additional file 2: Table S1 ).
Total physical activity volume (average movement intensity, counts/minute) did not differ between men and women (254.8 vs 254.0, p = 0.8). As shown in Table 2 , physical activity volume was significantly lower across increasing strata of age and BMI and across decreasing strata for self-rated health and education, in both men and women. Physical activity volume was also significantly higher in those who reported paid employment compared to those who were not employed or were retired. A Absolute numbers do not add up to the column total due to missing data comparable pattern of association with all stratifiers was found in both sexes for time spent ≥809 and ≥2020 counts/ minute, irrespective of whether this was accumulated in bouts of ≥10 min or not. Time spent <100 counts/minute followed the opposite pattern for age, BMI and selfreported health, showing increasingly higher levels of sedentary time across increasing strata for age and BMI and across decreasing strata for self-reported health. Participants who reported being employed spent less time sedentary compared to those not employed. The association between sedentary time and education level was less strong, and not significant in women. Mutual adjustment for stratifiers indicated that the strongest factors associated with physical activity volume and time spent at the lowest (<100 counts/minute) and highest physical activity intensities (≥809 or ≥2020 counts/minute) were age, BMI and self-rated health (P < 0.05).
The movement intensity distribution, expressed in 15 intervals of 100 counts/minute width, is presented in Fig. 1 . As expected, the distribution is positively skewed with the vast majority of activity occurring in the lower intensity ranges. Most recorded time (64.5 %) was spent being sedentary (<100 counts/minute). The majority of the remaining non-sedentary time (18.2 % in men, 21.2 % in women) was of very light intensity between 100 and 500 counts/minute. Only about 2.7 % of all activity in men and 2.2 % of all activity in women occurred above the cut-point of 2000 counts/minute. There were differences between men and women for activity intensities. Men spent 44 min/day longer sedentary whereas women spent more time in all categories up to 2000 counts/minute. However, men spent more time than women with activity greater than 2000 counts/minute (P < 0.001).
Comparison between EPIC-Norfolk and NHANES
A total of 3459 NHANES participants met the accelerometry inclusion criteria and were compared to the EPIC Norfolk sample. Mean (SD) age of included NHANES participants was 66.4 (10.1) years and 50.7 % were men, comparable to the EPIC-Norfolk cohort (Table 1) . Weight status was comparable between the two populations, with 72 % and 64 % of participants being overweight or obese in NHANES and EPIC-Norfolk, respectively. In terms of education, 31.1 % of the NHANES participants had less than a High School degree (24.7 % High School graduates), whereas 37.3 % of EPIC-Norfolk participants were educated to less than A-level (45.3 % A-level graduates).
Monitor wear-time did not differ between the two studies (EPIC-Norfolk: 872 min/day, NHANES: 871 min/ day, P < 0.05). Activity volume was higher in the UK sample compared to the US (238.2 vs 205.2 counts/ minute, P < 0.05). As shown in Fig. 2 , EPIC-Norfolk participants spent 13 min/day more being sedentary than NHANES participants (566.3 min/day vs 553.4 min/ day, P < 0.05), NHANES participants spent more time in the lower intensity categories than EPIC-Norfolk participants. EPIC-Norfolk participants spent more time than those in NHANES undertaking physical activity >750 counts/minute. The adherence to physical activity guidelines for older adults, as determined by ≥30 min/day of movement intensity ≥2020 counts/minute undertaken in bouts of ≥10 min, was low in both cohorts, with 4.1 % of all participants in EPIC-Norfolk and 2.5 % in NHANES accumulating activity at this level. Using the cut-point of ≥809 counts/minute, the adherence level was 18.7 % in EPIC-Norfolk and 9.5 % in NHANES. When counting all activity ≥2020 counts/minute whether or not it was undertaken in bouts lasting more than 10 min, 26.7 % of EPIC-Norfolk participants and 13.9 % of NHANES participants spent ≥30 min/day in this intensity spectrum. The equivalent numbers for the ≥809 counts/minute definition were 86.8 % (EPIC-Norfolk) and 73.4 % (NHANES).
Figures 3a-c show the minutes of activity spent <100, ≥809 and ≥2020 counts/minute for EPIC-Norfolk and NHANES participants, stratified by sex and age group. Overall, sedentary time (Fig. 3a) was lower in women than in men in both cohorts. In EPIC-Norfolk, men and women below the age of 60 years and between 60 and 70 years of age spent less time sedentary compared to the older age groups. However, overall the differences between age groups were greater in NHANES than in EPIC-Norfolk participants. The population variance of sedentary time was larger in the NHANES study. EPICNorfolk men and women of all ages generally spent more time above 809 and 2020 counts/minute than the NHANES participants (Fig. 3b & c) with the exception of men in the youngest age group in NHANES.
Discussion
The aim of this study was to provide a detailed description of objectively measured physical activity in older adults by socio-demographic characteristics, BMI and self-rated health, as well as to directly compare similarly aged older adults from the UK and the US. We have shown that the continuous physical activity intensity distribution is patterned differently, both within and between populations. Women from the EPIC-Norfolk study accumulate their overall activity through activities of lower intensities while men accumulate a similar activity volume by spending more time sedentary as well as in activity intensities above 2000 counts/minute. When examining differences by age, we found a stronger decline in higher intensity activity when comparing UK participants aged <70 years with those aged >70 years, which was accompanied by a more pronounced increase in sedentary time. BMI and self-rated health appeared as additional important correlates. In comparison with the US, the UK older adults generally performed more activity of higher intensity (≥809 and ≥2020 counts/minute), and showed a less steep decline in higher intensity activity across age groups, especially for activity ≥809 counts/minute. The EPIC-Norfolk population also displayed a less steep increase in sedentary time across increasing age groups, which was driven in part by the younger participants having greater sedentary time than in NHANES.
Recently, Jefferis et al. [8] demonstrated that 10 % and 15 % of older British women and men >70 years accumulated the recommended level of ≥30 min/day of MVPA in ≥10 min bouts, using an accelerometer threshold of >1040 counts/minute, which was reduced to 3 % and 7 % respectively when they used a threshold of >1952 counts/minute. These estimates are comparable to our prevalence estimates in EPIC-Norfolk 16.1 % in women and 22.2 % in men for the ≥809 counts/minute cut-point and 3.2 % in women and 5.4 % in men for the ≥2020 counts/minute cut-point, respectively when using a 10-min minimal bout duration criterion. Compared with Swedish adults aged 60-75 years old who spent on average 29 (men) or 23 (women) minutes/day in activity intensity ≥2020 counts/minute, EPIC-Norfolk men and women accumulated less time in this intensity category; 23.6 and 18.9 min/day, respectively. Furthermore, in Swedish older adults, around 55 % of the time spent ≥2020 counts/minute was accumulated in bouts longer than 10 min, whereas in EPIC-Norfolk participants only around 31 % of time ≥2020 counts/minute was spent in 10-min bouts [9] . Different processing criteria obviously result in stark differences in prevalence estimates when considering all MVPA time, regardless of occurrence in bouts, e.g., 19 % and 56 % of women accumulated ≥30 min/day of MVPA at the higher and lower MVPA cut-point in the study by Jefferis et al., with corresponding numbers in men being 27 % and 62 % [8] . This concept of time spent in MVPA regardless of durations of the bouts was also examined in the British 1946 birth cohort of older adults in 2006-2010, in which 43 % of women and 60 % of men accumulated over 30 min/day above 3 METs, as estimated by combined heart rate and movement sensing [17] . The equivalent percentage of the population spending more than 30 min/day above the cut-points used in EPICNorfolk (≥809 and ≥2020 counts/minute) were 86.8 % and 26.7 %, respectively.
The differences that we have observed between strata and studies for achievement of physical activity targets raise the question about whether a cut-point of 2020 counts/minute is appropriate to characterize "moderate" activity as defined in physical activity guidelines. Differences in the degree of adherence to recommendations between men and women or between age groups can be explained by variation in how activity time is spent. However, a number of studies have demonstrated that there are health benefits of physical activity in the light intensity range below 2020 counts/minute [27] . It is currently difficult to define a lower boundary for the minimum amount of activity that is beneficial for health. In the future, revision of guidelines will need to be based on epidemiological data, which includes the full range of movement intensity, rather than data that have been condensed into broad categories. This is a particular issue in older participants for whom activity of lower intensity may be especially important.
This study has several strengths. Firstly, it provides a high-resolution description of the full intensity distribution of physical activity, as well as a detailed description of higher intensity physical activity, the accumulation of bouts of physical activity at two different levels of intensity and sedentary time in EPIC-Norfolk and NHANES. Secondly, with more than 4000 participants, the EPICNorfolk cohort is the largest cohort in UK adults in which physical activity was measured by hip accelerometry. Finally, implementation of the same processing procedures allowed a direct comparison between the two cohorts.
There are also limitations of this study that need to be considered when interpreting results. At baseline, EPICNorfolk participants were found to be representative of the Health Survey for England population for age and sex as well as all measured anthropometric characteristics [28] . However, participants who returned to the 3 rd health check were, on average, younger and had a healthier cardiovascular risk profile and higher socioeconomic status than the baseline population, although the sample still represents a variety of socio-economic backgrounds and lifestyle factors [19] . A comparison of basic socio-demographic characteristics between participants with and without accelerometry at the 3 rd health check did not show any difference between the main socio-demographic and health characteristics. Furthermore, as this was the first time point at which physical activity was measured objectively in this cohort, the data are cross-sectional and therefore yield no information on within-individual change of activity with age. It is possible that not wearing the monitor during sleep or water-based activities, and the use of an automated nonwear algorithm may have resulted in some misclassification between non-wear and sedentary time. In addition, we have collapsed the raw EPIC data in 5-s resolution to 60-s resolution for the purpose of comparison to other population data; intensity estimates using 5-s data are likely to differ [25, 29] . The GT1M model of the accelerometer used in EPIC-Norfolk is less sensitive at the very low end of the movement continuum than the model used in NHANES, leading to potential differential properties of the zero-strings used to classify non-wear [13, 14] , which additionally supports our decision to relax the zero-string criteria for defining non-wear time from 60 to 90 min as this produced similar wear time estimates between cohorts. Non-normally long wear-times were found, mainly in the NHANES dataset, leading to a possible overestimation of wear-time and time spent in the lowest intensity category. Therefore, sedentary time was normalized for participants with a wear-time >19 h/day in both cohorts. Finally, activities which are less well detected by hip-accelerometry (e.g., cycling) may have a different prevalence between UK and US older adults, in this way potentially biasing our comparison for overall physical activity volume and higher intensity activity between the cohorts [30] .
Conclusion
The semi-continuous distribution of movement intensity showed that UK women spent significantly more time in lower intensity physical activity categories whereas men spent more time being sedentary and in high intensity physical activity categories, while overall physical activity volume was not significantly different between sexes. As a large proportion of time is spent in the light intensity range, the entire movement distribution should be considered when analyzing physical activity as it is possible that activities of this intensity may also confer health benefits in addition to those already established for higher intensity. Finally, this study also showed that there are differences between UK and US older adults, with the latter having lower overall activity volume and less time in higher intensity physical activity, as well as a steeper age gradient in time spent in higher intensity physical activity. However, and maybe contrary to expectations, American older adults spent less time being sedentary. This suggests that effective physical activity promotion in older adults should specifically aim to delay the decline of physical activity with age. With this in mind, consideration of the whole intensity distribution may aid our ability to detect subtle but important effects of physical activity promotion in the globally growing population of older people.
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